Phlebotomus papatasi is one of the most medically important sand fly species in the Old World, serving as a vector of Leishmania parasites and phleboviruses. Chemical control is still considered the most effective method for rapidly reducing populations of flying insects involved in vector-borne disease transmission, but is increasingly threatened by insecticide resistance in the target insect posing significant problems for entomologists responsible for control programs. This study was conducted to determine pyrethroid resistance mechanisms and the biological, physiological, and molecular impacts of resistance in Ph. papatasi, and to compare their resistance mechanisms against those reported for mosquitoes and other intensely studied dipterans. Field-collected Ph. papatasi from Aswan, Egypt, were subjected to sublethal doses of permethrin and reared as a resistant strain under laboratory conditions through 16 generations. Biological parameter observations of resistant Ph. papatasi revealed an association of resistance with productivity cost. Physiological analysis revealed that concentrations of oxidase and esterase enzymes increased in early generations of the resistant colony, and then subsided through the F16 generation to levels similar to those in a susceptible colony. The activity levels of acetylcholinesterase were higher in field-collected Ph. papatasi than in susceptible colony flies, but decreased significantly despite subsequent exposure to permethrin. The molecular search for gene mutations in the resistant strain of Ph. papatasi failed to identify any mutations common in pyrethroid-resistant mosquitoes. Our study revealed that the mechanism of pyrethroid resistance in sand flies is different than that in mosquitoes, at least at the genetic level.
Phlebotomus papatasi (Diptera: Psychodidae) is a sand fly, established throughout much of North Africa, the Middle East, and India (Lewis 1982) . With respect to Leishmania and phlebovirus transmission, it is one of the most important sand fly species in the Old World (World Health Organization [WHO] 2010) . Its habit of feeding on humans in and around human dwellings ensures that it will continue to play a leading role in the transmission of cutaneous leishmaniasis (caused by Leishmania major) and sand fly fever.
Insecticidal control of adult sand flies and insecticide-based approaches such as impregnated bed nets are still considered the most effective methods for personal protection and rapidly reducing populations of sand flies involved with Leishmania transmission (WHO 2015) . Sand fly control is accomplished with the use of residual insecticides used in indoor residual spray programs (IRS), often as an intervention in a malaria control program for anopheline mosquito control or as an airborne spray (ultralow volume; ULV), which kills insects while they are actively flying. Therefore, IRS and ULV are geared for control of adult mosquitoes, whereas sand flies are seldom targeted as a specific pest on insecticide labels, so do not appear as a separate entity. Sand flies are generally lumped into the "control of flies" section of the label, which often includes dosages and procedures used for mosquito control. Nonetheless, because sand flies often feed indoors and actively seek a bloodmeal in the same places and during similar hours as mosquitoes, they are being exposed to the same insecticide classes and doses used for mosquito control.
Insecticide resistance in target insects is a significant problem facing entomologists responsible for control programs (WHO 1995 (WHO , 2000 . Insecticide resistance has developed in a wide variety of insects in response to both agricultural and vector control programs (Brogdon and McAllister 1998) . The insecticide resistance mechanisms in Ph. papatasi have not been identified, unlike the mechanisms of more intensely studied insects such as mosquitoes and house flies. Nevertheless, scarcity of information on the habitats of sand fly immature stages challenges the design of effective mass control interventions and limits sand fly control endeavors to personal protective measures such as impregnated bed nets, clothing, topical repellant applications, or aforementioned IRS and ULV interventions.
Insecticide resistance is a genetically based phenomenon that begins after a small percentage of target insects survive a lethal dose of a pesticide capable of killing susceptible insects. Survivors reproduce, passing resistant genes to succeeding generations. Repeated applications kill fewer insects, as the frequency of resistant genes increases in the target population; thus, a greater proportion of resistant insects survive with each succeeding generation (Hemingway et al. 2004) . Because multiple generations of some insects can develop in a single year, resistance can develop quickly in such insects. A review of insecticide resistance indicated that there are >500 species of insects and mites resistant to insecticides (Georghiou and Lagunes-Tejeda 1991) . Insecticide resistance is expected to directly and profoundly affect the reemergence of vector-borne diseases (Krogstad 1996 , Hemingway et al. 2004 , and where resistance has contributed to disease emergence, it is expected to threaten disease control efforts (WHO 1992) .
The two main types of resistance that appear in mosquitoes and are expected in sand flies include "behavioristic resistance" or insecticide avoidance and physiological resistance, or the ability of the insect to detoxify an insecticide through several altered physiological processes. Behavioristic resistance is a change in behavior pattern of a population of insects, so that they acquire the ability to avoid contact with an insecticide (Hemingway et al. 2004) . Physiological resistance is a biological phenomenon that develops as a result of excessive selection pressure from a particular class of insecticide on a target population (Apperson and Georghiou 1975) . There are several possible mechanisms of physiological resistance; the most common in mosquitoes is usually attributed to altered enzymatic activities of the vector. These can include physiologically altered enzymes or target sites on nerve cells that no longer bind with an insecticide, rendering the insecticide ineffective, or excessive production of an enzyme that overwhelms invading insecticides and degrades them to an extent that not enough is left to kill the insect. Previous studies on mosquitoes revealed that resistance to each group of insecticide is associated with increased concentrations of specific enzymes or altered target sites (Hemingway et al. 2004 , Nabeshima et al. 2004 , Zayed et al. 2006 . Glutathione S-transferase (DDT-dehydrogenase) was the first recognized enzyme responsible for resistance in the house fly (Clark and Shamaan 1984) . The esterases are a class of enzymes often involved in organophosphate (OP), carbamate, and, to a lesser extent, pyrethroid resistance in mosquitoes (Brogdon 1989) . Monoxygenases, or mixed function oxidases (P450s), are involved in the metabolism of pyrethroid and OP insecticides and, to a lesser extent, carbamate insecticides (Brogdon and McAllister 1998 , Hemingway and Karunaratne 1998 , Karunaratne and Hemingway 2001 .
Changes in the enzymes responsible for resistance may be either qualitative or quantitative Brogdon 1999, Wilson 2001) . Microplate assays are considered the standard biochemical method to detect insecticide resistance in insects (Brown and Brogdon 1987, Hemingway and Karunaratne 1998) .
Genomic technologies now allow investigation of some previously interactable resistance mechanisms (Hemingway et al. 2002) . Since the first cloning of an insect acetylcholinesterase (AChE) gene (Ace) from Drosophila melanogaster in 1986 (Hall and Spierer 1986) , a focus of interest in insect toxicology has been to elucidate the mutations responsible for insecticide resistance (Mutero et al. 1994 , Chen et al. 2001 , Kozaki et al. 2001 . Raymond et al. (1998) found that at the gene level, two genetic mechanisms are involved in esterase overproduction, namely, gene amplification and gene regulation. At the population level, the co-occurrence of the same amplified allele in a distinct geographic area is best explained by global passive transportation of disease vectors. Unlike mosquitoes, little information is available about the genetic causes of insecticide resistance in sand flies; some evidence of carbamate and organophosphate resistance has been documented in Sudan (Hassan et al. 2012) , but from limited areas. DDT resistance has been documented in Ph. argentipes, a vector of visceral leishmaniasis, in India (Singh et al. 2001 (Singh et al. , 2012 , but there are currently no records of pyrethroid resistance in sand flies. Raymond et al. (1998) monitored a population of mosquitoes in southern France to elucidate the evolution of resistance genes in local mosquitoes, and showed that a resistance gene with a lower cost replaced a former resistance allele with a higher cost (the cost of reproduction and maintenance to the insect). In Culex pipiens L., OP resistance is achieved with only a few genes, and these genes generally have large effects. The molecular events generating such genes are complex (e.g., gene amplification, gene regulation), potentially explaining their low frequency of de novo occurrence (Hemingway et al. 2004) . Only three loci have developed major OP resistance alleles: Est-2, Est-3, and Ace.1. The first two loci, Est-2 and Est-3, code to detoxify carboxylester hydrolases (or esterases), and are separated by an intergenic DNA fragment varying between 2-6 kb. Resistance alleles confer esterase overproduction by binding with or metabolizing the insecticide relative to basal esterase production of susceptible alleles. Several alleles corresponding to a distinct overproduced allozyme have been described at both loci (Raymond et al. 1998 (Raymond et al. , 2001 Chevillon et al. 1999) . Genome sequence will enable access to the major regulatory genes involved in resistance, particularly if orthologous regulators control metabolically based resistance in insects (Ranson et al. 2000) .
In this study, we sought to identify different mechanisms involved in pyrethroid resistance in sand flies and to compare our findings with those previously observed in mosquitoes.
Materials and Methods

Development of a Resistant Colony of Sand Flies
Adult sand flies were collected from Aswan, Egypt. Sand flies were collected by dry ice-baited CDC light traps. The CDC traps were set in farming communities in Bahareef, north of Aswan city. Captured sand flies were transferred to the laboratory at U.S. Naval Medical Research Unit No. 3, Cairo, Egypt (NAMRU-3), blood-fed, and then placed individually in 120-ml plastic flat-bottom tubes with a bottom set in plaster of Paris. The bottom was moistened with a small amount of tap water to provide a suitable oviposition substrate. After oviposition, females were aspirated, mounted, and identified to species to separate Ph. papatasi from other species. The eggs of Ph. papatasi were then reared following sand fly colony protocol procedures as described by Volf and Volfova (2011) . Larvae were fed a mixture of aged rabbit feces and rabbit chow. Fourth-instar larvae were combined in 250-ml plastic pots provided with a moistened bottom of plaster of Paris. These pots were covered with mesh screen and the larvae were left for pupation and adult emergence. Emerging adults were collected with a mechanical hand-aspirator and then transferred to a new 30-by 30-by 30-cm mesh cage. Adults were provided a cotton ball soaked in 10% sugar solution as a carbohydrate food source. On the third day postemergence, F1 adult flies were exposed to a sublethal dose of 100 mg permethrin insecticide (catalog number F2216. Lot number 425-24A, Chem Service, West Chester, PA) using the CDC bottle bioassay technique as described later. This sublethal dose caused a mortality of 85% in the susceptible population after 24 h. The dose was selected based on a previous study that determined diagnostic dosetimes for several sand fly species (Tageldin 2010) . Insecticideexposed survivors were transferred to a new mesh cage (same like described previously), blood-fed, and reared for the next generation according to the protocol. The cycle of rearing and permethrin exposure in the third day post emergence was continued through each subsequent generation until the F16 generation was obtained.
Bioassay and Insecticide Exposure Using CDC Bottles
Preparing the CDC Bottle Bioassay for Sublethal Dose Exposure The CDC bottle bioassay was used in the sublethal exposure of reared sand flies to permethrin. The preparation was conducted as described by Brogdon and McAllister (1998) and modified by the CDC. Technical-grade permethrin insecticide was dissolved in 5 ml acetone (Sigma-Aldrich Co. LLC. St. Louis, MO), forming a stock solution as described by the label. A working solution with the concentration of 1 mg/ml was prepared by diluting the stock solution in acetone in a separate 10-ml glass bottle. The insides of 250-ml Wheaton glass bottles (Wheaton, Millville, NJ) were coated with permethrin. The working solution was vortexed before each treatment. Hundred microliters of the working solution (containing 100 mg permethrin) was transferred to a Wheaton glass bottle and mixed with 2 ml acetone. The role of the extra 2 ml acetone (insecticide-acetone solution) is to facilitate the equal distribution of the treatment dose on the whole interior surface area of the Wheaton bottle. The cap of the Wheaton bottle was sealed, and the bottle was gently rotated in all directions to ensure the distribution of insecticide to the whole interior surface area, including the inside of the cap. The cap was removed and the bottle was rolled continuously on its side until all acetone evaporated ($10 min). The role of continuous rolling is to ensure that the insecticide will not be collected in a specific area and it will keep covering the whole interior area of the Wheaton bottle during acetone evaporation. After acetone evaporation, the test bottle became ready for use. Prepared test bottle with its specific cap was stored in the dark to avoid insecticide photolysis. Test bottles were used within 5 d of preparation.
On the exposure day, sand flies were aspirated from rearing cages and transferred to test bottles and the cap was sealed. Exposure was conducted using 15 insects at a time and for a period of 20 min. Exposed sand flies were transferred to a clean cage (same mesh cage described earlier), blood-fed after 2 d, and reared to the next generation as previously described.
Assessing Resistance Levels of the Resistant Sand Fly Strain Using the CDC Bottle Bioassay
The CDC bottle bioassay was also used to evaluate the insecticide physiological resistance in the reared resistant strain following the procedures described by Brogdon and McAllister (1998) and modified by the CDC. The diagnostic dose and diagnostic time were selected based on a previous study that determined diagnostic and discriminating dose-times for several sand fly species collected from Egypt (Tageldin 2010) . A dose of 150 mg permethrin for 2-h exposure was found to be the diagnostic dose-time in CDC bottle assay, the dose-time that kills all susceptible Ph. papatasi population (Brogdon and McAllister 1998) . A susceptible colony of Ph.
papatasi reared in NAMRU-3's Vector Biology Research Program insectary since 1994 was used as a control; this colony has served as a baseline for many previous bionomic and insecticide resistance studies. We compared F3 resistance levels with the control (susceptible baseline) colony using the CDC bottle assay. In later resistant colony generations (F6-F16), the fecundity and egg hatchability were significantly lower than that in earlier generations (see Results later). Accordingly, we did not have enough sand flies to conduct CDC bottle bioassay tests after the F3 generation.
Test bottles were prepared as described earlier. The working solution (described earlier) was vortexed before each treatment. The insides of 250-ml Wheaton glass bottles were coated with five different concentrations of permethrin (25, 50, 100, 125 , and 150 mg per bottle). The amount of working solution that contains the needed concentration was transferred to the Wheaton glass bottle and mixed with 2 ml of acetone. Each bottle had its specific cap during its whole treatment and usage time. Control bottles were coated with acetone only. The preparation of each bottle followed the same instructions described previously.
Approximately 20-25 female sand flies were transferred from sand fly cages to each test bottle and exposed for 2 h. Three replicates were prepared for each dose. Mortalities were recorded after 2 h and mean mortalities of the three replicates were determined. A graph representing the percent mortality owing to the exposure for each dose of permethrin was constructed ( Fig. 1 ). Resistance is assumed to be present if the observed mortality was <80% of the test population (Brogdon and McAllister 1998) .
Comparing Biological Parameters Between Resistant and Susceptible Strains of Sand Flies
To study cost of resistance on sand fly biological parameters, females from F3 and F6 resistant strains were reared individually and their biological parameters were compared, including fecundity, number of days to first larval hatch (days post blood feeding), egg hatchability (percentage of hatched eggs), early adult emergence (days post blood feeding to first adult emergence), late adult emergence (days post blood feeding to last adult emergence), and larval survival rate (percentage of hatched eggs reaching adult stage). After blood feeding, engorged females were gently mouth-aspirated and individually placed into a 120-ml plastic tube. The tubes had a moistened base of plaster of Paris and a mesh cover, similar to that of the pots previously used in rearing larvae as described by Volf and Volfova (2011) . Six engorged females were individually confined from every tested group. The biological parameters of the F3 and F6 generations were observed and compared with that of the susceptible colony. Each engorged female was allowed to lay eggs with access to water and a sugar solution. After ovipositing, live females were transferred back to the cage and dead females were removed. Each tube served as an individual replicate. The number of eggs laid by each female was counted and observed until adult emergence occurred, with daily monitoring of biological parameters (indicated earlier). Emerged adults were transferred back to their specific cage.
Biochemical CDC-Microplate Assay
A biochemical assay was used to evaluate insecticide resistance by measuring the activity levels of detoxification enzymes in sand flies. The colorimetric method was used to determine the quantity of five enzymes responsible for the detoxification of insecticides, i.e., oxidases, insensitive acetylcholinesterase (IAChE), AChE, glutathione-S-transferase (GST), and elevated esterase (EST). The CDCmicroplate assay was conducted following the methods of Brogdon (1989) , Brogdon and Barber (1990) , Brogdon and McAllister (1998), and Hemingway (1998) . The microplates used were standard, rigid, flat-bottom, microtiter plates (Nalge Nunc International, Bridgeport, NJ) and were read spectrophotometrically with an automated spectrophotometer, Spectramax 340 PC (Molecular Devices, Sunnyvale, CA). Each frozen female from selected generations was homogenized individually in a new Eppendorf tube with 100 ml of buffer (KPO 4 ). The homogenate was diluted to 1 ml with 900 ml of additional KPO 4 buffer. The spectrophotometer was automated, and readings were recorded using SofMax Pro software (Molecular Devices, Sunnyvale, CA) and exported to a Microsoft Office Excel (Microsoft Corporation, Redmond, WA) spreadsheet for further statistical analysis. Three replicates were conducted for each enzyme, and the mean was used for statistical analysis. Twenty individuals were analyzed from each selected generation of the resistant strain and the susceptible colony. The activity levels of the detoxification enzymes in the resistant strain were measured for generations F1, F3, F9, F13, and F16. Measurements were compared and referenced to that of the susceptible colony strain.
Molecular Genetics Mechanisms of Insecticide Resistance in Ph. papatasi
There was not enough information available on the detection of genetic mechanisms associated with pyrethroid resistance in Ph. papatasi and sand flies in general. We used degenerate primers designed by Martinez-Torres et al. (1998) to detect mutations associated with pyrethroid resistance in the para-type, voltage-dependent, sodium channel genes in insects. Designing a polymerase chain reaction (PCR)-based method to determine the leucine-phenylalanine substitution at position 1,014 of the voltage-gated sodium channel in Ph. papatasi was essential in our experiment.
RNA Extraction
Total RNA was extracted from individual Ph. papatasi using RNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions with 60 ml final elution. RNA extracted samples were stored at À80 C until molecular evaluation.
PCR Cloning and Sequencing
The first strand of cDNA was amplified using a SuperScript II Reverse Transcriptase kit (Invitrogen), using oligo (dT) primer. The second amplification was performed using GoTaq Flexi DNA polymerase kit (Promega, Germany), with a 50 ml master mixture that contained 2 ml cDNA, 5Â reaction buffer, 0.1 mM dNTPs, 1.5 mM MgCl 2 , 0.6 mM from each primer D2 (5 0 GCNAARTCNT GGCCNAC 3 0 ) and Dg2 (5 0 GCDATYTTRTTNGTNTCRTTRTC 3 0 ; Martinez -Torres et al. 1998), and 0.5 unit polymerase enzyme. The cycling conditions used were 95 C for 5 min, followed by 30 cycles of amplification (94 C for 30 s, 50 C for 50 s, and 72 C for 1.5 min), and final extension at 72 C for 10 min. PCR products were evaluated by electrophoresis through 2% agarose and bands visualized with ethidium bromide staining and UV transillumination. PCR products were cloned into pGEM T-Easy vector (Promega) and transferred into JM109 competent cells (Promega). Plasmid DNA was extracted using the Quick Lyse Miniprep Kit (Qiagen Valencia, CA). Cycle sequence was performed by BigDye X-terminator (Life Technologies), using vector-specific primers, T7 (5 0 TAATACGACTCACTATAGGG 3 0 ) and Sp6 (5 0 TATTTAGG TGACACTATAG 3 0 ). Data were collected and analyzed using sequence analysis software (Bioedit version 7.0.0). A BLAST search was performed to confirm the Ph. papatasi para gene.
Primer Design
Sequences encoding specific regions of the domain II of the voltagegated, sodium channel were used to design primers. Sequences were aligned using the Clustal function in Bioedit software. Conserved region containing the desired parameters for optimal primer design was selected. Designed primers, Para F (5 0 AATGCCTCGGTGG AATTTTA 3 0 ) and Para R (5 0 CTTGACGATCCGAAATTGCT 3 0 ), were ordered from an independent vendor (Sigma Aldrich, Germany).
PCR Testing
In total, 116 individual Ph. papatasi were used. We planned to use 30 insects from each generation but owing to limited numbers of emerged adults, we analyzed 30, 30, 20, 20, and 16 from F0, F3, F9, F13, and F16, respectively. DNA was extracted using QIAmp DNA mini Kit (Qiagen) following the manufacturer's instructions.
PCR was performed in a final volume of 50 ml, containing 5 ml of extracted DNA, 5Â reaction buffer, 0.1 mM dNTPs, 0.15 mM MgCl 2 , and 0.6 mM from Para F and R primers. The cycling conditions used were 95 C for 5 min, followed by 30 cycles of amplification (94 C for 30 s, 50 C for 50 s, and 72 C for 1.5 min), and final extension at 72 C for 10 min.
PCR products were purified using a PCR purification kit (Qiagen). Cycle sequence was performed by BigDye X-terminator (Life Technologies), using our Para F primer. Leu1014Phe mutation was analyzed with Bioedit Software.
Statistical Analysis
IBM SPSS Statistics, Version 19 (IBM, Armonk, NY) software package was used for statistical analysis and to construct the box-plot representation. Biological parameters were compared between resistant and susceptible strains using Kruskal-Wallis (H) nonparametric analysis of variance. When a significant difference was reported, the Mann-Whitney (U) test was used to identify the different group. The differences between means were considered significant at a < 0.05. Standard error (SE) was calculated as:
where SD ¼ standard deviation and n ¼ number of samples. The readings of photo absorption microplate assays were tested for normality using the Kolmogorov-Smirnov test and were found to be normally distributed (P < 0.05). Microsoft Excel was used to perform the analysis of variance (ANOVA) test to compare the means of absorption for each enzyme among the different tested groups (F1, F3, F9, F13, and F16 ) and the susceptible baseline colony (control). The difference was considered significant at a < 0.05. When ANOVA revealed a significant difference among groups, t-tests were performed to identify the significant difference between each two groups at a < 0.05.
Results
Verifying Resistance in the Resistant Colony Using CDC Bottle Bioassay
The results of the CDC-bottle bioassay are shown in Fig. 1 . The mortality of the susceptible colony was proportionate to the applied dose. The mortality of F3 resistant strain was almost stable at 50% regardless of the applied dose. However, the mortality of 100% of the susceptible colony at the diagnostic dose of 150 mg per bottle proved that the diagnostic dose-time was used. The mortality of the F3 resistant strain was 50% (lower than 80%) using the diagnostic dose-time in the CDC bottle assay. This finding confirms the resistance of the F3 of field-collected sand flies to permethrin.
Biological Parameters of the Resistant Strain
As illustrated in Table 1 , there were significant differences between tested groups in terms of percent of hatched larvae, late adult emergence, and larval survival rates (H ¼ 9.013, P ¼ 0.011; H ¼ 9.089, P ¼ 0.011; and H ¼ 10.861, P ¼ 0.004, respectively). The susceptible colony showed a higher percentage of hatched larvae of 91 6 4.08 (mean 6 SE) than that observed for F3 and F6 generations of the resistant strain (71 6 17.96 and 76 6 4.08, respectively). The time needed for the last adult to emerge (late adult emergence) in the control colony was shorter (41 6 1.22 d) than that of the F3 and F6 generations of the resistant colony (47 6 0.41 d for both). The F6 resistant colony had a lower survival rate 67 6 4.49% than that of the F3 generation and the susceptible colony (93 6 2.86 and 94 6 2.86, respectively).
There were no significant differences between tested groups regarding the biological parameters of egg production, days to first larval hatch (days post blood feeding), and early adult emergence (days post blood feeding).
Biochemical CDC-Microplate Assays
The biochemical analysis compared the activity levels of the detoxification enzymes in five resistant generations (F1, F3, F9, F13, and F16) with that of the control susceptible colony. Activity levels of the various enzymes for the tested groups are shown in box-plot distribution (Fig. 2) .
Differences between measured activity levels of the oxidase enzyme were significant among tested groups (F1, F3, F9, F13, F16, and the susceptible control; F ¼ 5.033, P < 0.001). The differences in activity level of the oxidase enzyme between the susceptible control colony and F1 of the resistant strain were nonsignificant (P ¼ 0.162). The activity levels of oxidase enzyme increased significantly in the F3 and F9 generations in comparison with that in the susceptible baseline colony (P ¼ 0.013 and 0.003, respectively). The activity levels of oxidase decreased in later resistant generations and the differences in activity level of the oxidase enzyme between F13, F16, and the susceptible baseline colony were nonsignificant.
Measured differences in the activity levels of the IAChE were nonsignificant among all tested groups (control, F1, F3, F9, F13, and F16, F ¼ 2.046, P ¼ 0.080). Differences in measured activity levels of AChE were significant among tested groups (F ¼ 3.381, P ¼ 0.004). The measured activity levels of AChE were significantly higher in the F1, F3, and F9 of the resistant strains than that of the control colony (P < 0.001). The difference in the measured activity levels of AChE was nonsignificant between F1 and F3 (P ¼ 0.742), while the activity levels of AChE were significantly higher than that of F9 (P < 0.001 between F1 and F9, P ¼ 0.009 between F3 and F9). The difference in measured activity levels of AChE was nonsignificant between F13 of the resistant strain and the control colony (P ¼ 0.951). The measured activity levels of AChE were significantly higher for F16 in the resistant strain than that of the control colony (P ¼ 0.012), but the difference was nonsignificant between F13 and F16 (P ¼ 0.660).
Measured differences in activity levels of elevated GST were statistically nonsignificant (F ¼ 0.692, P ¼ 0.632) between tested groups.
Measured differences in the activity levels of elevated EST were significant among tested groups (F ¼ 14.667, P < 0.001). The activity levels of EST increased significantly from F1 to F3 (P < 0.001) and then decreased significantly from F3 to F9, and decreased again from F9 to F13 (P < 0.001 for all). F1, F3, and F9 had significantly higher activity levels of EST in comparison with the control susceptible strain (P < 0.001 for all).
The activity levels of oxidase reached its peak at F9, while the activity levels of EST reached a peak at F3. Afterward, activity levels of oxidase and EST enzymes declined significantly in later resistant generations, decreasing to activity levels measured in the control strain. Activity levels of AChE were significantly higher in early generations of the resistant strain F1 and F3 and then decreased in later generations. 
Molecular Genetic Mechanisms of Insecticide Resistance in Ph. papatasi
We directly designed specific primers by sequencing sand flies PCR products without the need of cloning steps. A product size of 440 bp was obtained using newly designed primers. High similarity has been found between the Ph. papatasi para gene sequence and that of other insect sequences retrieved from the GenBank, which confirmed that we amplified the right region. Our findings revealed that the L1014F mutation within the IIS6 transmembrane segment of the Para gene was not detected in all tested groups of Ph. papatasi.
Discussion
We decided to start our pyrethroid resistant strain from a sand fly population collected from Aswan governorate in Upper Egypt. In a previous study conducted at NAMRU3 laboratories, sand fly resistance was measured from many locations in Egypt, and the sand flies population in Aswan were reported to be the most resistant to pyrethroids (Tageldin 2010) . That reported resistance was expected to be owing to the extensive application of insecticides for agricultural uses in that area (Zayed et al. 2006 ). Our bottle assay showed that by applying the diagnostic dose of 150 mg per bottle, a mortality of 100% was achieved in the susceptible colony and a mortality below 80% was observed in the F3 resistant strain (Fig. 1 ). This proves that the field-collected sand flies were resistant to permethrin. However, observed mortalities in the bottle assay tests usually are proportionate to the applied dose. Meaning that as the dose increases, the mortality increases in a linear or a second-order function. In our case, F3 did not show such results in the bottle assay test (Fig. 1) . A mortality of $50% was observed at every applied dose, even with the small dose of 25 mg per bottle (Fig. 1) . This result might indicate that after rearing the field-collected sand flies (F0) under laboratory conditions for three generations (F3), the population became heterogeneous and half of it lost its resistance and became susceptible, even though it had been regularly exposed to sublethal doses. Another way to interpret this observation is by examining the case of mosquitoes and specifically Anopheles gambiae Giles. Genetically, there are two forms of An. gambiae: the S and M forms. Both forms are morphologically similar but genetically different, and the kdr insecticide resistance is different between the S and the M forms of An. gambiae (Abdoulaye et al. 2003) . The split of our F3 population to 50% resistant and 50% susceptible might suggest that the same situation occurs in Ph. papatasi as well. It is possible that there are two genetic forms of this species in the field and one of them can become more resistant than the other. However, our data do not support such conclusions to a statistically significant level owing to the small number of flies used in the bottle assay test and the experimental design by itself. Nevertheless, this observation should encourage further research on field-collected Ph. papatasi.
The effect of resistance to permethrin on the biological parameters of Ph. papatasi was evaluated under laboratory conditions. Our findings revealed that resistance to permethrin was associated with lower egg hatchability, a lower larval survival rate, and longer developmental cycle. These costs are considered the main cause of the reduced number of resistant sand flies in later generations (>F6) of our study, for which we lacked sufficient numbers to evaluate resistance with the CDC bottle bioassay. In concordance to our findings, it was found that the selection for insecticide resistance may lead to a series of costs in the biological parameters and life-history traits of an insect population (Brito et al. 2013) . Pyrethroid resistance was also associated with reproduction disadvantages in mosquitoes (Kumar and Pillai 2011) .
Our findings revealed that oxidase enzyme activity levels increased significantly when sand flies were exposed to sublethal doses of permethrin. This increase was significant, starting from F3 and reaching a peak activity in the F9 generation before decreasing significantly from the F9 to the F13 and F16 generations, at which time enzymatic activity levels approximated those of control sand flies. Similar results were observed with EST activity levels, with the exception of the peak occurring in the F3 generation. Oxidase and EST levels were reported to increase in permethrin-resistant An. gambiae and Anopheles albimanus C. R. G. Wiedemann (Brogdon et al. 1999a, b; Vulule et al. 1999) . We expected the activity levels of these detoxification enzymes to continue to increase through later generations of the resistance colony owing to continuous exposure to permethrin. The decreased numbers of the later resistant generations (F13 and F16) did not allow us to conduct a bioassay to evaluate if this physiological drop in oxidase and EST levels was also associated with a decrease in Ph. papatasi resistance to permethrin. This significant drop in the oxidase and EST enzyme levels in later generations of these flies requires further investigation.
Our results showed that the activity levels of AChE were higher in the early generations of the resistant strain (F1 and F3), then began dropping to the levels reported in the control colony by F13.
Nevertheless, the activity level of AChE was significantly higher in F16 flies than in control flies. However, this increase was insignificant in comparison with F13. Hemingway et al. (2004) stated that AChE is a target of organophosphorus (OP) and carbamate insecticides and, to lesser extent, pyrethroid insecticides. OP and carbamate insecticides are widely used insecticides (Nabeshima et al. 2004) . Our findings indicate that the reported high levels of AChE in the early generations of the resistant strain were probably owing to inherited resistance from field-collected insects and, despite the pressure of exposure to sublethal doses of permethrin, the activity levels of AChE showed a downward slope. This finding indicates that AChE may not be involved in permethrin resistance in Ph. papatasi.
The difference in the activity levels of IAChE and GST in resistant generations of Ph. papatasi was insignificant in comparison with the control colony. GST is responsible for DDT resistance (Clark and Shamaan 1984) . Our findings indicate that the levels of GST in Ph. papatasi are not significantly affected by exposure to sublethal doses of permethrin.
The goal of the molecular work was to determine whether Ph. papatasi relies on the same genetic mechanism responsible for pyrethroid resistance found in mosquitoes and other insects. The high degeneracy of the Martinez -Torres et al. (1998) primers prevented their use in direct sequencing. Accordingly, designing specific primers was essential for our study. Analysis of Para sequences for knockdown resistance (kdr) in mosquitoes, house flies, and other insects identified the amino acid substitution, leucine to phenylalanine, within the IIS6 transmembrane segment. Such mutations were observed through all tested, resistant generations of Ph. papatasi. Our findings reveal that the specific gene mutations responsible for pyrethroid resistance in other insects, and especially mosquitoes, were not seen in permethrin-resistant Ph. papatasi. In this regard, it is important to emphasize that we have targeted the gene mutation known to be associated with resistance to pyrethroids in insects other than sand flies. We cannot conclude that there are no mutations in permethrin-resistant Ph. papatasi, but more studies are needed to determine if mutations occurred in regions other than the one we targeted.
In conclusion, evidence of permethrin resistance in Ph. papatasi is currently lacking in the field, as of this writing. Permethrin resistance in field-collected and subsequently maintained Ph. papatasi is associated with reproduction disadvantages, namely, a reduction in hatched larvae, late adult emergence, and reduced larval survival rates limiting the number of offspring.
Oxidase and esterase activity increased significantly following exposure to sublethal doses of permethrin in the early generations of Ph. papatasi-resistant strain, which could lead to metabolic resistance through increased enzyme production in Ph. papatasi. AChE, IAChE, and GST were not involved in permethrin resistance in Ph. papatasi under laboratory conditions. The significant drop in enzyme activity levels of oxidase and EST in the later, resistant generations of Ph. papatasi requires further investigation.
The L1014F mutation of the Para gene known for knockdown resistance (Kdr) in mosquitoes, house flies, and other insects was not found in permethrin-resistant Ph. papatasi. The genetic mechanisms of insecticide resistance in sand flies could be different than that reported in mosquitoes and require further investigation.
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